Vibrio cholerae is the etiological agent of the infectious disease cholera, which is characterized by vomiting and severe watery diarrhea. Recently, V. cholerae clinical isolates have demonstrated increased virulence capabilities, causing more severe symptoms with a much higher rate of disease progression than previously observed. We have identified single nucleotide polymorphisms (SNPs) in four virulence-regulatory genes (hapR, hns, luxO, and vieA) of a hypervirulent V. cholerae clinical isolate, MQ1795. Herein, all SNPs and SNP combinations of interest were introduced into the prototypical El Tor reference strain N16961, and the effects on the production of numerous virulence-related factors, including cholera toxin (CT), the toxin-coregulated pilus (TCP), and ToxT, were analyzed. Our data show that triple-SNP (hapR hns luxO and hns luxO vieA) and quadruple-SNP combinations produced the greatest increases in CT, TCP, and ToxT production. The hns and hns luxO SNP combinations were sufficient for increased TCP and ToxT production. Notably, the hns luxO vieA triple-SNP combination strain produced TCP and ToxT levels similar to those of MQ1795. Certain SNP combinations (hapR and hapR vieA) had the opposite effect on CT, TCP, and ToxT expression. Interestingly, the hns vieA double-SNP combination strain increased TCP production while decreasing CT production. Our findings suggest that SNPs identified in the four regulatory genes, in various combinations, are associated with increased virulence capabilities observed in V. cholerae clinical isolates. These studies provide insight into the evolution of highly virulent strains.
IMPORTANCE
Cholera, an infectious disease of the small intestine caused by the aquatic bacterium Vibrio cholerae, often results in vomiting and acute watery diarrhea. If left untreated or if the response is too slow, the symptoms can quickly lead to extreme dehydration and ultimately death of the patient. Recent anecdotal evidence of cholera patients suffering from increasingly severe symptoms and of disease progression at a much higher rate than previously observed has emerged. As recent cholera outbreaks caused by increasingly virulent strains have resulted in higher mortality rates, the need to investigate the mechanism(s) allowing this observed increased virulence is apparent. The significance of our research is in identifying the mechanism for increased virulence capabilities, which will allow the development of a model that will greatly enhance our understanding of cholera disease and V. cholerae pathogenesis, leading to broader biomedical impacts, as cholera serves as a model for other enteric diarrheal diseases.
The gene hapR encodes the quorum-sensing regulatory protein HapR, which directly binds to various promoters and regulates gene/operon expression (32) . At high cell densities, functional HapR binds to the aphA promoter, downregulating tcpPH expression and thus downregulating the virulence cascade (32) . Interestingly, in some pathogenic strains of V. cholerae, such as classical O395 and El Tor N16961, this densitydependent control of virulence gene expression is lost due to a naturally occurring frameshift in the hapR gene (32) . Despite the adverse effect of functional HapR on virulence gene expression, previous studies indicate that the percentage of V. cholerae strains containing functional quorum-sensing systems regulated by HapR is higher in toxigenic strains than in nontoxigenic strains (36) .
LuxO, encoded by the gene luxO, is a quorum-sensing regulator that works in a manner contrary to that of HapR (34) . At low cell densities, high levels of phosphorylated LuxO (P-LuxO) inhibit hapR expression by activating four small RNAs that destabilize hapR mRNA, indirectly upregulating the virulence cascade (32, 34, 37) .
The response regulator VieA, encoded by vieA, is part of a three-component signal transduction system involved in enhancing CT production (35, 38) . VieA contains a domain that binds and degrades the prokaryotic secondary-messenger cyclic diguanylate monophosphate (c-diGMP). High intracellular levels of c-diGMP inhibit the expression of both the ctxAB operon and toxT, and degradation of this molecule by VieA is necessary to restore wild-type (WT) CT and ToxT levels (35, 38, 39) .
Herein, we describe the introduction of all aforementioned SNPs and SNP combinations identified in hypervirulent MQ1795 into the El Tor reference strain N16961 to investigate the effects that these SNPs have on the master regulator of virulence gene expression, ToxT, and the two main virulence factors, CT and TcpA. We hypothesized that the introduction of these SNPs affects the expression of the master regulator and the two main virulence factors and that a minimum SNP combination is required to recapitulate virulence factor expression observed in hypervirulent MQ1795. Our findings indicate that two triple-SNP combinations (hapR hns luxO and hns luxO vieA) and the quadruple-SNP combination strains produced the greatest increases in CT, TcpA, and ToxT production. The hns and hns luxO SNP combination strains increased only TcpA and ToxT production. Notably, the hns luxO vieA SNP combination strain produced levels of TcpA and ToxT that are comparable to those of the hypervirulent MQ1795 strain. Some SNP combinations (hapR and hapR vieA) led to decreased CT, TcpA, and ToxT expression. When CT and TcpA production was evaluated, similar patterns were revealed for SNPs affecting ToxT production, except the hns vieA SNP combination; a strain with this combination exhibited no statistically significant change in ToxT production and yet increased TcpA and decreased CT production. These data demonstrate that the regulatory mechanism(s) behind increased virulence capabilities observed in clinical isolates of V. cholerae are far more intricate than previously reported. Additionally, the work presented here may further the understanding of each gene's individual role in regulating virulence gene expression.
RESULTS
Production profiles revealed the greatest fold increase in CT in the hapR hns luxO vieA SNP combination strain relative to the CT level in N16961. CT assays revealed that the MQ1795 clinical isolate produced significantly higher levels,~4.5-fold, of CT than N16961, a well-studied El Tor strain (Fig. 1) . To assess the effects of the SNPs on CT production in N16961, assays were performed using the cell-free supernatants of strains with separate SNP combinations to determine the amount of CT produced relative to that produced by the parental strain (N16961). O395ΔtoxT, used as a negative control, produced negligible CT, as expected. Single-SNP strains ( Fig. 1 ) produced slight but significant changes in levels of CT, with fold increases observed in the hns and luxO single-SNP strains (1.4-and 1.3-fold). The hapR single-SNP strain exhibited decreased CT production relative to N16961 (0.5-fold). Double-SNP combinations (Fig. 1 ) produced more CT than the single-SNP strains. The hapR hns, hapR luxO, hns luxO, and luxO vieA SNP combination strains revealed increases in CT production compared to N16961 of 2.2-, 1.6-, 2.0-, and 1.4-fold, respectively. Decreases in CT were also observed in the double-SNP combinations, as the hapR vieA and hns vieA SNP combination strains produced decreases of 0.7-and 0.4-fold, similar to that of the hapR single-SNP strain (0.5-fold). All triple-and quadruple-SNP combinations demonstrated elevated levels of CT production. The quadruple-SNP combination increased CT production 3.5-fold relative to that of N16961, closely mirroring the level of the hypervirulent MQ1795 strain. The hapR hns luxO, hapR hns vieA, hapR luxO vieA, and hns luxO vieA SNP combination strains also yielded increases in CT of 3.0-, 2.2-, 1.5-, and 2.0-fold, respectively.
TcpA production profiles varied across the SNP combination strains. To determine TcpA (23.5 kDa) production levels relative to that of the El Tor reference strain N16961, all strains were grown under AKI virulence gene-inducing conditions, and then whole-cell extracts (WCE) for all strains were prepared. TcpA production profiles ( Fig. 2 ) revealed that MQ1795 produced 1.7-fold-more TcpA than the reference strain N16961. Classical O395 produced amounts of TcpA similar to that of N16961, and TcpA production was greatly reduced or abolished in the classical O395ΔtoxT and O395ΔtcpA backgrounds. C6706, an additional El Tor reference strain, demonstrated decreased TcpA production compared to that of N16961.
The single-SNP hapR strain decreased TcpA production to 0.2-fold that of N16961, while the other single-SNP strains showed no significant change in TcpA production ( Fig. 2) . Double-SNP combinations had various effects on TcpA production. Decreases in TcpA production were observed in the hapR hns and hapR vieA SNP combination strains, which produced 0.7-and 0.1-fold the level produced by N16961, similar to the production profile observed in the hapR single-SNP strain. The hns vieA SNP combination strain demonstrated increased TcpA production, i.e., up to 2.1-fold that of N16961, slightly higher than the level of TcpA produced by the hypervirulent MQ1795 strain. Additionally, the hapR hns luxO and hns luxO vieA triple-SNP combination strains and the hapR hns luxO vieA quadruple-SNP combination strain demonstrated increased levels of TcpA production (2.0-, 3.3-, and 1.8-fold, respectively), all greater than that of MQ1795 (Fig. 2) .
ToxT production profiles vary across the SNP combination strains. After strains were grown under AKI virulence gene-inducing conditions, the WCE for all strains were prepared to determine the ToxT (32 kDa) production levels relative to that of the El Tor reference strain N16961. ToxT production profiles (Fig. 3) revealed that MQ1795 produced 2.2-fold-more ToxT than the reference strain N1691. Classical O395 and El Tor C6706 produced similar ToxT levels, both less than that of N16961 (0.7-and 0.6-fold, respectively). As expected, O395ΔtcpA showed no detectable change in ToxT production relative to N16961, and O395ΔtoxT produced no detectable ToxT and was used as a negative control.
The hapR single-SNP strain decreased ToxT production to 0.4-fold that of N16961. hapR luxO and hapR vieA double-SNP combination strains also presented decreases in ToxT production to 0.8-and 0.3-fold that of N16961. Conversely, the hns luxO strain and hapR hns luxO and hns luxO vieA triple-SNP combination strains demonstrated increased ToxT production levels of up to 1.4-, 1.7-, and 2.1-fold that of N16961 (Fig. 3) . The greatest increase in ToxT production was observed with the hns luxO vieA triple-SNP combination strain, which increased ToxT production up to 2.1-fold that of N16961, similar to the ToxT production level observed in hypervirulent MQ1795.
DISCUSSION
In this study, we determined the effects of clinically relevant SNPs identified in four regulatory genes (hapR, hns, luxO, and vieA) on the virulence capabilities of V. cholerae. We introduced all possible SNP combinations into the El Tor reference strain N16961 and observed their effects on CT, ToxT, and TcpA production levels relative to those of N16961. We have provided a model (Fig. 4) illustrating the expected effect that each of the four genes has on virulence gene expression; however, our data proposes a far more complex mechanism of virulence regulation and interactions than previously reported.
It was previously reported that H-NS binding downregulates multiple steps in the ToxR virulence cascade (33, 40) . However, when the nonsynonymous SNP in hns (G 319 A, residue G 107 S) was introduced into N16961, increases in CT (1.4-fold), TcpA (1.7-fold), and ToxT (1.7-fold) production (Fig. 1) were observed, suggesting that this SNP de- creases H-NS activity. H-NS has previously demonstrated the greatest repressive effect on the promoter regions of toxT and the ctxAB operon and has also been shown to produce a modest repressive effect on the tcp operon (33) . These data indicate that the SNP in hns produces the greatest increases in the production of TcpA and ToxT. Notably, all SNP combination strains exhibiting statistically significant increases in ToxT production contained the hns SNP, and all strains exhibiting a fold change greater than 1.5-fold across all assays contained the SNP in hns, with the exception of the hapR luxO double-SNP combination strain, which increased CT production to 1.6-fold that of N16961. Previously, hns mutations have been shown to result in derepressed expression of CT and TCP under nonpermissive and permissive ToxR conditions (33) . These findings are consistent with our data, which show increases across CT, TCP, and ToxT production ( Fig. 1 to 3 ) under ToxR-permissive conditions.
The SNP identified in hapR is a thymine insertion in the coding region at base 219, which results in a gain of function through the production of functional HapR. HapR is a promiscuous promoter binding protein involved in downregulating the virulence cascade by binding to the aphA promoter, resulting in decreased tcpPH expression (32) . The production of functional HapR in N16961 decreased production of CT (0.5-fold) (Fig. 1) , TcpA (0.2-fold) (Fig. 2) , and ToxT (0.2-fold) (Fig. 3) . However, HapR does not always result in decreased virulence capabilities. For example, the addition of functional hapR to hns luxO vieA in the quadruple-SNP combination strain further increased CT production relative to that of the hns luxO vieA triple-SNP combination strain (from 2-to 3.5-fold) (Fig. 1) .
LuxO has been well characterized for its role in quorum sensing (34, 41) (for reviews, see references 42 and 43). The regulatory activity of LuxO has been proposed to be linked in a contrary manner to HapR, where at low cell densities, high levels of phosphorylated LuxO reduce the accumulation of the HapR message (32, 34, 37) . This reduced level of HapR message, and therefore of HapR, results in increased expression of the virulence cascade beginning at the expression of tcpPH, as there is less HapR to bind to the aphA promoter upstream of the ToxT regulatory cascade. The luxO single SNP (C 656 T, residue A 219 V) resulted in increased CT production (1.3-fold); however, no statistically significant changes in TcpA or ToxT production were observed. We hypothesized an increase in ToxT production at low cell densities (3.5 h) in the hapR luxO double-SNP strain due to a reduction in the hapR message; per contra, at high cell densities (7.5 h), we hypothesized a decrease in TcpA and CT production due to the derepression of the hapR message. However, the hapR luxO double-SNP strain exhibited a decrease in ToxT production (0.8-fold) and no statistically significant change in TcpA production, and an increase in CT production (1.6-fold) resulted.
VieA contains a domain that binds and degrades the prokaryotic secondarymessenger c-diGMP, and at high levels, c-diGMP inhibits expression of both the ctxAB and toxT operons (35, 38) . The degradation of this secondary messenger is required for full activation of the ctxAB operon. When the nonsynonymous SNP in vieA (C 235 T, residue L 79 F) was introduced into N16961, there was no statistically significant change in CT or ToxT production, but TcpA production decreased (0.7-fold), suggesting that the SNP in vieA alters VieA activity toward the tcp operon. This altered VieA activity is currently under further investigation.
Our data show that CT, TcpA, and ToxT levels observed in hypervirulent MQ1795 were not mirrored in any of the single-SNP strains (Fig. 1 to 3) . TcpA production profiles revealed that multiple double-and triple-SNP combinations (Fig. 2) produced TcpA levels similar to that of MQ1795. Only the hns luxO vieA triple-SNP combination strain produced ToxT levels comparable to that of MQ1795 (Fig. 3) . The greatest increases in TcpA and ToxT productions were observed in the hns luxO vieA triple-SNP combination strain (Fig. 2 to 3) . CT production profiles revealed that the quadruple-SNP combination strain produced the greatest increase in CT but did not mirror levels produced by MQ1795 (Fig. 1) . The addition of functional hapR to hns luxO vieA in the quadruple-SNP strain produced the greatest increase in CT production (Fig. 1) ; however, the hns luxO vieA SNP strain exhibited the highest increase in TcpA (Fig. 2) and ToxT (Fig. 3) production.
The data presented here are limited to examining CT, TcpA, and ToxT production profiles, and future directions involve investigating the effects that each SNP or SNP combination has on other phenotypic traits, i.e., motility, biofilm formation, hemolytic capabilities, and other metabolic activities. In addition to negatively affecting CT and TCP production, H-NS has previously been shown to repress exopolysaccharide gene (vps) expression and biofilm formation (44) . It was reported that repression of HapR, via a LuxO mutant, also allowed for the enhanced expression of hemagglutinin (HA)/ protease and biofilm production (45) . Additionally, a vieA deletion resulted in the buildup of c-diGMP, which has been reported to increase biofilm formation and decrease motility (39) . Further characterization of these SNPs on a phenotypic level in conjunction with the data presented here will help to further elucidate the exact mechanisms allowing for increased virulence capabilities observed in clinical isolates of V. cholerae and severe cases of cholera.
MATERIALS AND METHODS
Bacterial strains and general growth conditions. All strains used in this study are listed in Table 2 . Regulatory SNPs identified in MQ1795 (hapR, hns, luxO, vieA) (9) were introduced into the El Tor reference strain N16961 using an established allelic-exchange protocol (46) and the primers listed in Table 3 . SNPs and SNP combinations were verified by PCR using the primers also listed in Table 3 . Strains were cultured under standard growth conditions in Luria-Bertani broth at 37°C overnight (16 h) with aeration. El Tor virulence gene expression growth conditions were as previously described (47) . Briefly, 10 ml of AKI medium containing 0.03% (wt/vol) sodium bicarbonate was inoculated with a single colony and grown for 3.5 h at 37°C without aeration. Seven milliliters of culture was removed, and the whole-cell extract (WCE) was processed for ToxT analysis. The remaining 3 ml of culture was incubated for an additional 4 h at 37°C with aeration. The WCE was processed for TcpA analysis, and the cell-free culture supernatant was prepared for CT analysis.
CT production assay. GM 1 ganglioside enzyme-linked immunosorbent cholera toxin (CT) assays were performed on 7.5-h culture supernatants for all V. cholerae strains as previously described (48) . Threefold dilutions of a CT standard (List Biological Laboratories, CA, USA), uninoculated media, El Tor N16961, clinical isolate MQ1795, O395ΔtoxT, and all strains containing SNPs were prepared in GM 1 ganglioside (Sigma-Aldrich, MO, USA)-coated 96-well plates. Samples were probed with anti-CT B (List Biological Laboratories, CA, USA) to determine the total nanograms of CT produced per milliliter of culture per optical density at 600 nm (OD 600 ), and fold changes in CT production from that of N16961 were calculated.
Immunoblot assays for ToxT and TcpA. WCE were prepared from all the cultures grown under AKI-inducing conditions for 3.5 h (for ToxT) or 7.5 h (for TcpA) at 37°C, as described above. Total protein concentrations were prepared to a final concentration of 0.5 g/l. Totals of 12 g and 3 g total protein were analyzed for ToxT and TcpA, respectively. For ToxT analysis, samples were run on 14% Tris-glycine polyacrylamide gels (Invitrogen, Carlsbad, CA, USA) and 16% Tris-glycine polyacrylamide gels for TcpA. Samples were then transferred to nitrocellulose membranes, probed with anti-ToxT or anti-TcpA (both generous gifts from Ronald K. Taylor), and visualized using the enhanced-chemiluminescence (ECL) detection system (GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom). The band intensities, relative to those of N16961, were determined by densitometry using Image Lab 4.0.1 software (Bio-Rad Laboratories, USA).
Statistical analysis. Fold changes in CT were determined relative to the CT level of the El Tor reference strain N16961. TcpA and ToxT immunoblots were normalized using nonspecific bands from each blot, and fold changes from N16961 were determined. Outliers were removed after calculating the upper (3rd quartile plus the interquartile range times 1.5) and lower (1st quartile minus the interquartile range times 1.5) boundaries of relative fold changes across respective strains prior to determination of statistical significance. CT assays were conducted in 10 independent experimental replicates, with each replicate representing an independent culturing event for each trial. Across all CT assays, 10 outliers were observed in 6 strains (1 outlier in the hapR luxO, hapR hns vieA, and hns luxO vieA strains, 2 outliers in the O395ΔtoxT and hapR strains, and 3 outliers in the hns strain). Similarly, analysis of the results of five TcpA and seven ToxT independent experimental replicates was also conducted, with each replicate representing an independent culturing event for each trial. We identified 11 outliers during TcpA analysis across 9 strains (1 outlier in the C6706, O395ΔtoxT, O395ΔtcpA, hns, vieA, hapR vieA, and hapR luxO vieA strains and 2 outliers in the hapR hns and hapR hns vieA strains). Analogously, 11 outliers were identified during ToxT analysis across 10 strains (1 outlier in the O395ΔtoxT, O395ΔtcpA, hapR, luxO, vieA, hapR luxO, hns vieA, hapR luxO vieA, and hns luxO vieA strains and two outliers in the hns luxO strain). A final two-tailed Student t test was conducted for CT and both immunoblot assays, and statistical significance was determined at a P value of Յ0.05.
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